Abstract: An efficient protocol for plant regeneration through somatic embryogenesis was established from in vivo leaf explants of Swertia chirayita, a critically endangered medicinal herb. The highest frequency (76%) of embryogenic callus was induced on Murashige & Skoog (MS) medium supplemented with 0.5 mg/L 2,4-dichlorophenoxyacetic acid (2,4-D) and 0.5 mg/L kinetin (Kn) from in vivo leaf explants. Globular somatic embryos were induced and further matured from such embryogenic calli by subsequent culture on the same medium. The highest number of somatic embryos (48.83 ± 4.6) was recovered from embryogenic calli derived from leaf explants after 6 weeks of culture. Synthetic seeds were produced by encapsulating of torpedo stage embryos in sodium alginate (4% W/V) gel, dropped into 100 mM calcium chloride (CaCl2 · 2H2O) solution. The synthetic seeds were germinated on MS medium. The highest frequency of synthetic seed germination (84%) was observed on MS medium supplemented with 1.0 mg/L BA and 0.5 mg/L NAA. Regenerants were successfully acclimatized under ex vitro condition. This is the first report on synthetic seed production of S. chirayita. Application of these protocols would be helpful in reducing stress in natural habitat, and in long-term storage of elite genotypes through synthetic seed production.
Introduction
In vitro propagation through somatic embryogenesis has been reported in many medicinal plants (Tawfik & Noga 2002; Sahrawat & Chand 2002) . The induction of direct somatic embryogenesis for in vitro plant regeneration provides several advantages over the traditional organogenesis (Wang & Bhalla 2004) . Additionally, direct somatic embryogenesis has a lower probability of genetic variation than other propagation methods (Merkle 1997; Balaraju et al. 2009 ).
Swertia chirayita (Roxb. ex Fleming. H. Karst.) is a valuable medicinal herb, belongs to the family Gentianaceae. This medicinal plant is native to temperate Himalayas and found at an altitude of 1,200-3,500 m. S. chirayita has an erect, about 60-90 cm long stem, the middle portion is round, while the upper is fourangled, with a prominent decurrent line at each angle. Extracts of S. chirayita have been shown to possess antioxidative, antihepatotoxic and hypoglycemic, anti-inflammatory, antimalarial, anticarcinogenic, and antimicrobial activities (Joshi & Dhawan 2005) . The whole plant contains gentianine alkaloids and the aerial part contains xanthones (Sharma 1982) . Because of its high medicinal value and importance S. chirayita is disappearing in the wild as a result of large-scale and unrestricted over-exploitation, continuous deforestation and insufficient attempts for its replenishment. The ability of a plant somatic cell to produce embryos is referred to as somatic embryogenesis (SE) and the differentiated structures are called somatic embryos (Bhojwani & Razdan 1996) . The in vitro system for embryogenesis produces uniform plants rapidly and easily which provides an ideal experimental means for investigation of plant differentiation as well as the large-scale production of plants (Litz & Gray 1995) .
In vitro propagation through somatic embryogenesis has become an essential tool for the improvement of various systems (Cardosa et al. 2012; Sivanesan et al. 2011; Nuno-Ayala et al. 2012; Ratanasanobon & Seaton 2010; Baskaran & van Staden 2012 ). An important application of somatic embryos is that they can be utilized for the preparation of artificial seeds or synthetic seeds which are considered as analogous to the natural seeds. The concept of synthetic seeds, which consists of a somatic embryo surrounded by an artificial layer called capsule, was put forward by Murashige (1977) and the first report of successful synthetic seed production was published in 1982 (Kitto & Janick 1982) .
Embryogenesis has been reported from the family Gentianaceae including Gentiana cruciata (L.), Gentiana pannonica (Scop.), Gentiana tibetica (King.) (Mikula & Rybczynski 2001) , Gentiana pneumonanthe (Bach & Pawloska 2003) , G. punctata L. (Mikula et al. 2004) and Gentiana kurro Royle (Fiuk & Rybczynski 2008) using leaf, root, hypocotyls and cotyledon explants.
There have been a few reports on micropropagation of S. chirayita (Balaraju et al. 2009; Chaudhuri et al. 2007 Chaudhuri et al. , 2008 Chaudhuri et al. , 2009 Joshi & Dhawan 2007; Wang et al. 2009 ). However, to date, there are only two preliminary reports (Jha et al. 2011; Balaraju et al. 2011) published so far on somatic embryogenesis through in vitro leaf explants of S. chirayita and no report on synthetic seed production in S. chirayita or any Swertia species. The viability and seed germination rate of S. chirayita are also very poor and there are no studies available in respect to seed germination (Joshi & Dhawan 2005) . Few reports in the literature suggest germination studies of S. chirayita (Raina et al. 1994; Basnet 2001) . Conventional techniques of germplasm conservation alone cannot guarantee the recovery of this critically endangered medicinal plant. Therefore, the present study was undertaken to optimize a protocol for the high frequency somatic embryo induction and synthetic seed production from the in vivo leaf explants of S. chirayita for conservation of this critically endangered medicinal herb.
Material and methods
Surface sterilization of explants and embryogenic callus induction Swertia chirayita (Roxb. ex Fleming) H. Karst plants were collected from their natural habitat of Darjeeling, West Bengal during the month of November. In vivo grown leaves harvested from 6 to 8 month old plant were used as explant to study the embryogenic potentiality. Excised leaves were surface sterilized by soaking in 0.2% Bavastin (fungicide) solution followed with Tween 20, (5-6 drops/100 mL) solution for 20 min. Finally, the leaves were surface sterilized with 0.1% HgCl2 w/v for 8 min and thoroughly rinsed 4-5 times with sterilized distilled water. Sterilized explants were cut into a small discs and inoculated in MS medium (Murashige & Skoog 1962) 
Somatic embryos induction and germination
After establishment of 4 weeks old embryogenic calli they were transferred to the same medium mentioned above for another 4 weeks. Embryos at the torpedo stage were removed from the induction medium and subcultured on MS basal medium containing 3% sucrose for germination.
Scanning electron microscopy Somatic embryos were dehydrated and dried and further dissected as required. The samples were mounted on specimen stubs with carbon conductive adhesive tape and placed on the revolving discs of Joel fine coat ion sputter (JEOL, JFC 1600) where embryos were coated with colloidal gold. These specimen stubs were then fixed to the specimen holder of scanning electron microscope (JEOL JSM 6390LV) maintained at accelerating potential voltage of 20 kV and images were taken at different magnifications.
Synthetic seed production Torpedo stage somatic embryos were collected and suspended in MS liquid medium containing different concentration of sodium alginate (2, 3, 4, and 5%). 100 mM of calcium chloride solution was prepared and sterilized by autoclaving at 1.06 kg/cm 2 (121 • C) for 15 min. Encapsulation was accomplished by mixing the somatic embryos into the sodium alginate solution and dropped into 100 mM of calcium chloride solution to encapsulate the whole embryo. The beads were then kept on magnetic stirrer for 30 min for proper bead formation. The alginate beads were then rinsed three times with liquid MS medium to remove traces of calcium chloride and transferred to sterile filter paper to eliminate the excess of water. Encapsulated embryos were placed on MS medium supplemented with various PGRs such as 0.5-2.0 mg/L BA alone and in combination with 0.5 mg/L Kn and 0.5 mg/L NAA for conversion into plantlets and incubated at 25 ± 2
• C, 16-h photoperiod for germination.
Acclimatization of in vitro plantlets
Well rooted plants derived from synthetic seeds were removed from the culture, washed properly with distilled water to remove the traces of agar and transferred to plastic cups containing soilrite:sand (1:1; 1:2; 1:3 v/v), covered with transparent plastic bag containing holes for maintaining high humidity. The plantlets were kept in the culture room under a 16-h photoperiod for 3-4 weeks. After this period, the plastic covers were removed and shifted to pots progressively to allow for the acclimatization of the plants.
Statistical analysis
Each treatment consisted of five Petri plates, each containing five explants (n = 25). All experiments were repeated three times. Data obtained from all experiments were presented as the mean ± SE of three replications. Statistically significant differences were determined by analysis of variance (ANOVA) and the Duncan multiple range test (DMRT) at a P < 0.05 level of significance.
Results and discussion
The present study deals with the somatic embryogenesis and synthetic seed production which has been successfully achieved in S. chirayita (Figs 1 and 3 ). Swelling and expansion in the leaf explants were observed within a week after culture initiation. Two types of calli induction from the cut edge of the leaf explants were observed after 15-20 days. Type I callus was found to be soft, smooth, white and non embryogenic whereas type II callus was yellow and embryogenic after 4 weeks of culture (Fig 1a) . Likewise in the current study, of the various concentrations of PGRs employed for somatic embryogenesis, the highest response (76.66%) of embryogenic callus initiation frequency was observed on MS medium supplemented with 0.5 mg/L 2,4-D with 0.5 mg/L Kn after 4 weeks (Fig. 4) . Also, it is indicated that the medium consisting of 2,4-D alone or in combination with BA gave rise to embryogenic callus in few explants.
The role of auxins and cytokinins in the different stages of somatic embryogenesis is well established (Fujimara & Komamine 1980; Jimenez 2001) . Somatic embryogenesis is generally promoted by auxins, either alone or in combination with cytokinins (Fei et al. 2002; Shahana & Gupta 2002; Anthony et al. 2004; Shu et al. 2005) . The use of cytokinins in combination with auxins has been reported to promote somatic embryogenesis induction (Liu et al. 2008; Capuana et al. 2007 ).
Embryogenic callus maintained on MS medium supplemented with 0.5 mg/L 2,4-D and 0.5 mg/L Kn produced somatic embryos. Maximum numbers of somatic embryos (48.83 ± 4.6) were recovered from embryogenic callus (Fig. 5 ) after 6 weeks of culture. Similar results have been found in different Gentiana species (Mikula & Rybczynski 2001; Fiuk & Rybczynski 2008) . Jha et al (2011) observed the highest frequency (40%) of embryogenesis in the combination of 0.4 µM 2,4-D and 4.6 µM Kn with the highest number (35.6 ± 4.3) of somatic embryos. In another report, 1.0 or 1.5 mg/L 2,4-D alone was found to be better for somatic embryogenesis induction and production of somatic embryos in S. chirayita (Balaraju et al. 2011) . He et al. (2011) recorded the highest frequency (82.8%) of somatic embryogenesis in Gentiana straminea when leaf explants were inoculated on MS medium supplemented with 2.0 mg/L 2,4-D and 0.5 mg/L BA after 4 weeks of culture. However, in the present study reduced 0.5 mg/L 2,4-D in combination with 0.5 mg/L Kn was found to be optimum for embryogenesis and further induction and maturation of somatic embryos. Somatic embryos may germinate directly into complete plantlets on regeneration medium or hormone free basal medium (Cai et al. 2009; Vikrant 2003) . Similar results have been achieved in the current study when developed and matured somatic embryos were transferred to regeneration medium or hormone free MS basal medium.
The various stages of somatic embryos were determined using scanning electron microscopic analysis (Fig. 2) . Thus, scanning electron microscopic images of somatic embryos surfaces revealed in vitro induction, development and maturation of somatic embryos in the leaf explants of S. chirayita in MS media supplemented with 0.5 mg/L 2,4-D and 0.5 mg/L Kn.
Large scale production of somatic embryogenesis can be applied for the production of synthetic seeds (Thorpe 1995) . Despite the potential of synthetic seeds, this technique has not yet been explored in S. chirayita. Hence, for the synthetic seed production, in the present study, various concentrations of sodium alginate (2, 3, 4 and 5%) and 100 mM CaCl 2 were used. The so- matic embryos encapsulated with 4% of sodium alginate and submerged for 30 min in 100 mM calcium chloride were the best for uniform synthetic beads (Fig. 3a) , with smooth texture and easy handling. Similar results have also been reported by other authors (Ganapathi et al. 1992; Pattnaik & Chand 2000; Mondal et al. 2002; Ipekci & Gozukirmizi 2003) .
Sodium alginate-encapsulated beads were cultured on MS medium supplemented with various PGRs such as 0.5, 1.0, 1.5 and 2.0 mg/L BA, alone and in combination with 0.5 mg/L Kn or 0.5 mg/L NAA for germination experiments. Of the various concentrations used, 1.0 mg/L BA with combination of 0.5 mg/L NAA was found to be the most effective (84%) in terms of frequency of germination and number of days (15 days; Fig. 6 ). Similar results have been reported in Clitoria ternatea Linn (Kumar & Thomas 2012) . BA alone showed comparatively low germination percentage.
Percentage survival of the plantlets was the highest (80%) in soilrite and sand in 1:2 ratio. After acclimatization all the plants looked healthy and successfully acclimatized to ex-vitro conditions.
In conclusion, the present work reports the successful production of artificial seeds of S. chirayita. Embryogenic callus and somatic embryos were initiated from in vivo leaf explants of S. chirayita. Our study also demonstrates that reduced concentrations of 2,4-D in combination with Kn showed high somatic embryos yield. Hence, this simple and reproducible method can be effectively utilized for the production of elite plants and thereby the conservation of this valuable medicinal herb.
